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ABSTRACT
Low radio frequencies are favourable for the identification of emission from non-thermal
processes such as synchrotron emission. The massive protostellar jet associated with
IRAS 18162–2048 (also known as the HH80-81 system) has been imaged at low radio fre-
quencies: 325, 610 and 1300MHz, using the Giant Metrewave Radio Telescope, India. This is
the first instance of detection of non-thermal emission from a massive protostellar jet at such
low radio frequencies. The central region displays an elongated structure characteristic of the
jet. In addition, the associated Herbig-Haro objects such as HH80, HH81, HH80N, and other
condensations along the inner regions of the jet exhibit negative spectral indices. The spectral
indices of most condensations are ∼ −0.7, higher than the value of −0.3 determined ear-
lier using high frequency measurements. The magnetic field values derived using radio flux
densities in the present work, under the assumption of equipartition near minimum energy
condition, lie in the range 116− 180 µG. We probe into the hard X-ray nature of a source that
has been attributed to HH80, in an attempt to reconcile the non-thermal characteristics of radio
and X-ray measurements. The flux densities of condensations at 610 MHz, measured nearly
11 yrs apart, display variability that could be ascribed to the cooling of condensations, and
emphasize the importance of coeval or nearly-coeval measurements for estimation of spectral
indices.
Key words: Herbig-Haro objects – radio continuum: ISM – ISM: jets and outflows – stars:
pre-main sequence – radiation mechanisms: non-thermal – stars: individual: IRAS 18162–
2048
1 INTRODUCTION
One of the striking phases in the star formation process is the ejec-
tion of material at high velocities from the young accreting proto-
star into the enveloping cloud. These jets are believed to disperse
angular momentum from the vicinity of the newly forming star to
the outer regions and drive large scale outflows seen over the en-
tire stellar mass spectrum. In addition, jets and outflows are sus-
pected to drive turbulence in molecular clouds, as well as prompt
star formation in the vicinity (Arce et al. 2007). In case of massive
protostellar systems that are formed deeply embedded in molecu-
lar clouds, they contribute to the feedback mechanism that can ei-
ther halt or induce the infall process (Frank et al. 2014). Numerical
simulations predict the generation of jets from disk winds with the
magnetic field playing a prominent role (Zanni et al. 2007; Fendt
2006; Ouyed & Pudritz 1997). The regions close to the launch of
protostellar jets have been examined using high resolution spec-
troscopy in optical wavebands leading to a better understanding
⋆ E-mail: sarita@iist.ac.in
of the collimation properties and velocity structure at the base
(Coffey, Bacciotti & Podio 2008).
The investigation of jets have been far fewer in the radio
regime as compared to the optical and near-infrared, as the ra-
dio emission is usually weak, of the order of few mJy. The ra-
dio emission is believed to originate either (i) from partially ion-
ized jets close to the exciting source (typically within 10 − 100
AU) associated with material ejected from the protostar (Anglada
1996), or (ii) from shock fronts at the edges of outflows when
highly collimated molecular gas at supersonic velocity impinges
dense material in its path leading to the formation of Herbig-
Haro (HH) objects (Rodriguez 1989). The shocked medium in
the Herbig-Haro objects can have temperatures of millions of de-
grees leading to emission of X-rays as well (Bonito et al. 2004;
Araudo et al. 2007; Bosch-Ramon et al. 2010). Most radio detec-
tions have been for low-mass protostellar systems with Herbig-
Haro objects in our vicinity (Girart et al. 2002). A tentative detec-
tion of non-thermal emission at low frequencies has been observed
for the low-mass protostellar jet of DG-Tau (Ainsworth et al.
2014). In the case of massive protostars, only a handful of ra-
dio jets have been detected (Rodrı´guez 2011; Purser et al. 2016)
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Table 1. Details of the GMRT observations.
Frequency (MHz) 325 610 1300∗
Observation date 2016 Feb 21 2005 Jun 20 2016 Oct 28 2016 Feb 27, Mar 27
On source time (hrs) 7.1 5.9 4.0 10.6
Bandwidth (MHz) 32 16 32 32
Primary Beam 86′.0 45′.8 21′.5
Synthesized beam 12′′.9× 9′′.5 6′′.8× 6′′.5 6′′.2× 4′′.3 7′′.3× 5′′.0
Position angle (◦) 46.3 −81.8 18.7 54.7
Noise (µJy/beam) 190 75 60 50
∗ Image characteristics quoted for the map produced using the combined data of two days.
as massive stars are rare, evolve faster, and typically lie at
larger distances. All the earlier observations of massive proto-
stellar radio jets have been at higher frequencies (> 1.4 GHz)
with signatures of non-thermal emission discerned in few cases
(Curiel et al. 1993;Marti, Rodriguez & Reipurth 1993; Garay et al.
1996; Wilner, Reid & Menten 1999; Rodrı´guez-Kamenetzky et al.
2016; Purser et al. 2016). While synchrotron emission from a pro-
tostellar jet has been detected conclusively solely in one case with
the measurement of polarised emission (Carrasco-Gonza´lez et al.
2010), the presence of non-thermal emission in other jet systems
is usually deduced through the radio spectral indices. If there is a
combination of non-thermal and optically thick thermal emission in
a region (with the latter anticipated for low radio frequencies), the
radio spectral indices are expected to flatten out depending on the
contribution of each process, since the slopes have opposite signs
for the two processes (Rodrı´guez-Kamenetzky et al. 2016). Re-
gions with spectral index larger than -0.1 are attributed to thermal
emission (Olnon 1975) while spectral indices < −0.5 are believed
to be due to non-thermal mechanisms (Kobulnicky & Johnson
1999). Spectral indices at lower frequencies can play a signif-
icant role in revealing non-thermal emission (Veena et al. 2016;
Nandakumar et al. 2016) as the contribution from thermal free-free
processes in the vicinity (surmised to be optically thick) is expected
to be negligible at these frequencies. With this motivation, we have
attempted to image the massive protostellar jet associated with
IRAS 18162–2048 and estimate the radio spectral indices at low
frequencies using the Giant Metrewave Radio Telescope (GMRT).
IRAS 18162–2048 (or GGD 27-28) is a massive protostar at
a distance of 1.7 kpc whose luminosity of 2 × 104 L⊙ is equiv-
alent to a B0 zero-age main-sequence star (Go´mez et al. 2003). It
possesses an extraordinarily well-collimated parsec scale jet that
is believed to arise from an accretion disk associated with the
protostar (Carrasco-Gonza´lez et al. 2012). The jet is highly en-
ergetic and the measured velocities of condensations lie in the
range 600 − 1400 km s−1 (Marti, Rodriguez & Reipurth 1995;
Heathcote, Reipurth & Raga 1998). The radio emission from the jet
as well as the HH objects have been the targets of several studies
(Rodrı´guez & Reipurth 1989; Marti, Rodriguez & Reipurth 1993;
Masque´ et al. 2012). Marti, Rodriguez & Reipurth (1993) carried
out a careful analysis of radio emission in this region using the
VLA (20, 6, 3.6 and 2 cm) and find that the knots have spec-
tral indices of −0.3 suggesting the non-thermal nature of emis-
sion. The jet comprises more than a dozen knots of radio emis-
sion with spacing of 1400 AU and widths of less than 500 AU.
More recently, Masque´ et al. (2012) detected a radio knot further
north that is likely to be associated with the jet, thus increasing
the size of the jet to 18.7 pc. In addition, polarised radio emission
from the radio knots on the jet at ∼ 0.5 pc from the driving source
has been discovered, a first for a jet associated with a protostar.
This is interpreted as arising due to synchrotron emission from a
magnetic field estimated to be ∼ 0.2 mG, that is parallel to the
jet axis (Carrasco-Gonza´lez et al. 2010). Shocked gas close to the
central protostar and the associated HH objects HH80-81 have also
been detected in soft X-rays (Pravdo, Tsuboi & Maeda 2004). In
addition, hard X-ray emission from HH80 has been reported by
Lo´pez-Santiago et al. (2013) who interpret the soft X-rays as aris-
ing due to thermal processes and attribute the hard component to
synchrotron emission from the shock front.
In this paper, we probe the low frequency radio (325 - 1300
MHz) nature of the jet as non-thermal synchrotron emission is ex-
pected to be larger at such low frequencies. This is the first case of
detection of a radio jet from a massive protostar at these frequen-
cies. The paper is organized as follows. The details of observations
and data reduction are given in Section 2. In Section 3, we present
our results and analyse them in Section 4. We conclude with a brief
summary in Section 5.
2 GMRT OBSERVATIONS AND DATA REDUCTION
We have mapped the ionized gas emission from IRAS 18162–
2048 using the Giant Metrewave Radio Telescope (GMRT), India,
in three frequency bands: 325, 610 and 1300 MHz. GMRT com-
prises of 30 antennas, each of diameter 45 m. The antennas are ar-
ranged in a Y-shaped configuration (Swarup et al. 1991). Of these,
twelve antennas are located randomly within a central region of
area 1 × 1 km2 and the remaining eighteen antennas are placed
along three arms, each of length 14 km. The shortest and longest
baselines are 105 m and 25 km respectively. This type of array con-
figuration enables us to map large and small scale structures simul-
taneously. The angular sizes of the largest structure observable with
GMRT are 32′, 17′ and 7′ at 325, 610 and 1300 MHz, respectively.
The first set of observations were carried out at 610 MHz during
June, 2005. We then followed it up with observations at other fre-
quency bands: 325 and 1300 MHz during February and March,
2016. Considering that the 610 MHz observations were carried out
more than a decade earlier compared to the other frequency bands,
we observed this region again at 610 MHz in 2016 to check for the
variability in flux densities, if any. The bandwidth of observations
was 32 MHz in all the frequency bands. The radio sources 3C286
and 3C48 were used as the primary flux calibrators whereas 1822-
096 and 1911-201 were used as phase calibrators. The details of the
observations are listed in Table 1.
The data reduction was carried out using the NRAO Astro-
nomical Image Processing System (AIPS). The data sets were care-
fully checked and data corrupted due to radio frequency interfer-
ence, non-working antennas, bad baselines etc. were flagged using
c© RAS, MNRAS 000, 1–??
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Figure 1. Radio contour map of IRAS 18162–2048 region at 610 MHz
(2005). The contour levels are at 0.3 mJy/beam to 10 mJy/beam in steps
of 0.2 mJy/beam. The Herbig-Haro objects and other jet condensations are
shown. The red ellipses denote regions used for estimating flux densities of
the condensations.
tasks such as UVPLT, TVFLG and UVFLG. After the final calibration,
the data sets were cleaned and deconvolved using the task IMAGR.
Several iterations of self-calibration were applied to minimize the
phase errors. There are two sets of observations for 1300 MHz:
one taken on Feb 27 and the other one carried out on Mar 27, 2016.
Both these data sets were flagged and calibrated separately and then
combined using the task DBCON. A single continuum map was con-
structed to increase the signal-to-noise ratio as the earlier observa-
tions had 5 non-working antennas. The highest resolution achiev-
able at 1300 MHz with the full UV coverage is 5.6′′ × 2.4′′ . Such
a high resolution image has a propensity to display compact and
fragmented emission and the elongated jet features are not notice-
ably revealed. We, therefore, constructed a low resolution map of
1300 MHz by limiting the UV range to 30 kλ, giving a beam size
of 7.3′′ × 5.0′′ . This serves the dual purpose of (i) identifying the
diffuse emission associated with the radio jet at 1300 MHz and (ii)
enabling a comparison with the 610 MHz images, on similar spatial
scales.
As our region of interest is located close to the Galactic plane,
it is essential to correct for the contribution of Galactic plane emis-
sion to the antenna system temperature (Tsys) that is significant at
low frequencies of 325 and 610 MHz (Veena et al. 2016; Vig et al.
2014). This is because the sky temperature is an integral part of
Tsys that is estimated using the flux calibrator, located away from
the Galactic plane. A correction factor (Tgal+Tsys)/Tsys is used to
scale the flux densities at these frequencies where Tsys corresponds
to the system temperature associated with the flux calibrators. Tgal
is estimated by extrapolating the sky temperature value at 408 MHz
(Haslam et al. 1982) to 325 and 610 MHz assuming a spectral in-
dex of−2.6 (Roger et al. 1999; Guzma´n et al. 2011) for the Galac-
tic plane emission. The correction factors estimated this way are
used to scale the images. The flux-scaled images were corrected
for the GMRT primary beams to produce the final images. At 1300
MHz, a bright source is observed (αJ2000: 18
h19m36.9s , δJ2000:
−20◦36′30.7′′) that contaminates the flux density measurement of
the radio knot S34 (Source 34, nomenclature from Masque´ et al.
2012). The flux density in presence of the contamination due to
side lobes from the bright source is 73 µJy. In order to remove the
effects of the contamination, we have subtracted the cleaned com-
ponents of this source from the visibility data set, corresponding
to a flux density of 181 mJy. Even after the subtraction, we could
not observe a considerable variation in the measured flux density
of S34 (< 10%) leading us to believe that the cleaned components
were not well-modeled. Hence, we do not consider the flux density
of S34 at 1300 MHz in the estimation of spectral indices.
3 RESULTS
3.1 HH objects and radio condensations
The radio jet associated with IRAS 18162–2048 has been detected
at all the three low frequency bands. The ionized emission from the
full region at 610 MHz, including the HH objects: HH80, HH81
and HH80N is shown in Fig. 1. The central region displaying the
inner protostellar jet in 2016 is shown in Fig. 2. Fig. 3 shows the im-
ages of the inner jet at earlier epochs: 610 MHz (2005) from GMRT
as well as the 4860 and 1490 MHz observations taken with VLA in
1989 (Marti, Rodriguez & Reipurth 1993). The 4860 MHz image
presented in the figure has been extracted from the VLA Archive
as part of NRAO - VLA Archive Survey (date of observation: 18
Sept 1989, same as Marti et al. 1993) while the 1490 MHz image
has been provided by the Marti et al. group. In the present work, we
focus on the central exciting source, the inner jet condensations as
well as the Herbig-Haro objects HH80, HH81, HH80N and Source
34 (referred to as S34 in the present work) .
We have estimated the flux densities of the HH knots as well
as other condensations of our interest by selecting elliptical aper-
tures, shown in Fig. 1. The size of the elliptical apertures are se-
lected by visual inspection in all the three bands. The flux densities
at all the three frequencies are listed in Table 2. The errors in the
flux densities listed in Table 2 are estimated using the expression√
(2σ
√
θsrc/θbm)2 + (2σ′)2 where σ is the rms noise level of
the map, σ′ is the the error in flux scale calibration, θbm represents
the size of the beam, and θsrc is the source size, taken as the geo-
metric mean of the major and minor axes of the elliptical sperture
(Sa´nchez-Monge et al. 2013). The uncertainty in the flux calibra-
tion of GMRT is taken to be 5% (Lal & Rao 2007).
As we have two observations of the region at 610 MHz spaced
11 years apart, we compared the flux densities of the central re-
gion as well as the outer condensations. These are also presented
in Table 2 and we discern that all the condensations and the cen-
tral region display a variability in radio flux at 610 MHz. In order
to substantiate the variability of flux densities of the jet conden-
sations, we have considered four field sources within the primary
beam of the 610 MHz images and determined their flux densities
at the two epochs: 2005 and 2016, using circular apertures. The
sources and flux densities are listed in Table 3. The flux densities
of these sources are consistent within 10%, and the minimal vari-
ation could be attributed to calibration procedures. On the other
hand, the variation in the jet condensations is between 21− 113%.
All the radio condensations, other than S13 and HH80N, exhibit
c© RAS, MNRAS 000, 1–??
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Table 2. Positions, source sizes and flux densities of the central region and other condensations.
Source αJ2000 δJ2000 θsrc 325 MHz 610 MHz 1300 MHz
(h m s) (
◦ ′ ′′
) (′′) F(mJy) F(mJy)2005 F(mJy)2016 F(mJy)
HH80 18:19:06.18 −20:51:51.69 16.3 1.17± 0.52 0.95± 0.27 0.62± 0.23 0.48± 0.18
HH81 18:19:06.71 −20:51:05.85 15.4 1.39± 0.60 2.96± 0.37 1.17± 0.27 0.97± 0.21
S13∗ 18:19:10.77 −20:48:31.53 13.7 1.74± 0.61 0.44± 0.31 0.94± 0.278 0.70± 0.21
18162–2048 18:19:12.11 −20:47:30.72 14.4 2.48± 0.53 3.07± 0.34 2.50± 0.28 2.54± 0.25
S15∗ 18:19:12.97 −20:47:03.69 20.6 1.76± 0.54 1.96± 0.31 1.21± 0.25 0.92± 0.19
HH80N 18:19:19.76 −20:41:35.25 16.8 4.43± 0.71 2.52± 0.38 3.06± 0.35 1.73± 0.25
S34∗ 18:19:30.60 −20:36:54.70 22.2 8.33± 0.85 6.64± 0.57 4.69± 0.43 -
∗Source nomenclature and flux from Masque´ et al. (2012)
aMarti, Rodriguez & Reipurth (1993)
Table 3. Flux densities at 610 MHz (using 2005 and 2016 observations) of
4 random sources in this field.
Source αJ2000 δJ2000 610 MHz
(h m s) (
◦ ′ ′′
) F(mJy)2005 F(mJy)2016
1 18:19:00.61 −20:58:06.15 1.50± 0.32 1.47± 0.21
2 18:19:24.84 −20:46:21.52 9.03± 0.95 9.20± 0.91
3 18:18:30.18 −20:55:34.16 0.61± 0.23 0.65± 0.22
4 18:19:37.06 −20:49:27.17 1.68± 0.34 1.84± 0.19
a decrease in flux densities from 2005 to 2016. We speculate on
the possible reasons in Sect. 4.3. A comparison of flux densities at
20 cm reported in this work, with those published previously (Ta-
ble 2 of Marti, Rodriguez & Reipurth 1993) implies a lowering of
values by factors between 2− 3. We are of the view that variability
has an important role to play in this decrease although the slightly
variant beam sizes could also contribute to the difference.
We next examine the morphology of the inner jet as a function
of time. We search for changes by considering the two segregated
group of images: (i) Inner jet in 2016 at various frequencies shown
in Fig. 2, and (ii) Inner jet prior to 2016, evident from the Fig. 3.
The latter group includes the 610 MHz image obtained in 2005 as
well as VLA images at 1490 and 4860 MHz (Project code AR209;
Marti, Rodriguez & Reipurth 1993). A visual scrutiny of S15 sug-
gests that while it has been identified as a single source from the
VLA data, this source displays sub components in the recent obser-
vations at 610 as well as 1300 MHz. The resolution of the 1490 and
4860 MHz maps are 6′′ and 5′′, respectively; similar to the beam-
sizes of 610 and 1300 MHz images (∼6′′). Hence, this effect is
unlikely to be due to resolution effects. Rather, we suspect this ap-
parent transformation is due to the evolution of the condensations
as they advance in the ambient medium. However, as the signal-to-
noise ratio is poor, we refrain from a detailed characterisation of
the knot components and their flux densities.
3.2 Spectral indices
The spectral indices of the HH knots and condensations have been
estimated using flux densities measured at all the low frequency
bands. The spectral index α is defined as Fν ∝ ν
α, where Fν is
the flux density at frequency ν. The spectral indices are determined
using the flux densities listed in Table 2 and shown in Fig. 4. We
prefer to use the flux densities directly rather than create the spec-
tral index maps as (i) the flux densities of the inner jet and con-
densations are relatively low, of the order of few mJy or lower,
and (ii) the radio emission is over scales of the beam or marginally
larger. The variability of flux densities observed at 610 MHz high-
lights the importance of nearly simultaneous measurements to de-
termine the spectral indices. We have, therefore, used the flux den-
sities at 610 MHz from observations carried out in 2016 to evaluate
the spectral indices. Although these observations were taken nearly
six months after the observations in the other bands, we proceed
under the assumption that flux densities have not changed appre-
ciably. The spectral indices are listed in Table 4. All the sources
except the central exciting source, 18162–2048, display negative
spectral indices, αGMRT < −0.2. This accentuates the non-thermal
contribution to the emission. The spectral index of the central knot
associated with the exciting source of 18162–2048 is nearly flat,
αGMRT ∼ +0.02±0.01. At such low frequencies, the thermal free-
free emission is expected to be optically thick (α ∼ 2). The flatness
of the spectral index can be interpreted as a combination of thermal
emission from the ultracompact HII region associated with the ex-
citing source and non-thermal emission from the jet in its vicinity.
This reasoning corroborates alternate high resolution observations
of the jet where condensations have been perceived, that lie sym-
metrically on either side of the central source within 1′′, along the
direction of the jet (Marti, Rodriguez & Reipurth 1995). The inner
condensations identified as S13 and S15 display spectral indices
of −0.7 ± 0.2 and −0.5 ± 0.1, respectively, while HH80 and 81
exhibit spectral indices of αGMRT ∼ −0.6 ± 0.2 and −0.3 ± 0.1,
respectively. The knot HH80N has a spectral index of −0.7 ± 0.2
while S34 displays the steepest spectral index (−0.9) among the
condensations considered. For S34, we have only considered the
lower two frequency bands as the flux density at 1300 MHz is vi-
tiated by the bright source in its proximity (Sect. 2). The spectral
indices of condensations other than HH81 are steeper than the pre-
viously reported values using higher frequency VLAmeasurements
(see Table 4 for a comparison).
We observe a general trend of steepening of spectral index
of condensations (except HH81) with distance from the central
source, 18162–2048. The northern condensations of the jet in or-
der of increasing distance are S15, HH80N and S34 with spectral
indices: −0.5, −0.7 and −0.9, respectively. The southern con-
densations include S13, HH81 and HH80 with spectral indices:
−0.7, −0.3 and −0.6. A steepening of spectral indices is ex-
pected for the outer condensations if the density of the ISM in
which the jet is emitted remains nearly homogeneous. This is be-
cause the distant condensations are older and particle acceleration
mechanism across shock waves are expected to weaken with time
(Williams et al. 2017). The northern side of the jet, that corresponds
c© RAS, MNRAS 000, 1–??
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Figure 2. Radio maps of IRAS 18162–2048 region at 325, 610 and 1300 MHz (2016 observations). The contour levels are at the following intensity levels:
325 MHz - 0.6, 0.8, 1.05, 1.5, 1.7 mJy/beam (beam: 12.9′′ × 9.5′′), 610 MHz - 0.15, 0.22, 0.32, 0.42, 0.82, 1.2 mJy/beam (beam: 6.2′′ × 4.3′′), and 1300
MHz - 0.12, 0.2, 0.32, 0.42, 0.82, 1.6 mJy/beam (beam: 7.3′′ × 5.0′′). The beams are shown towards the bottom left of individual panels.
Figure 3. Radio maps of IRAS 18162–2048 region at 610 (GMRT), 4860 and 1490 MHz (VLA). The contour levels are at the following intensity levels: 610
MHz - 0.2 mJy/beam to 1.9 mJy/beam in steps of 0.2 mJy/beam (beam: 6.8′′ × 6.5′′), 4860 MHz - 0.09, 0.19, 0.59, 1.9, 3.0 mJy/beam (beam: 5.9′′ × 3.6′′),
and 1490 MHz - 0.12, 0.2, 0.32, 0.42, 0.82, 1.6 mJy/beam (8.1′′ × 4.6′′). The beams are shown towards the bottom left of individual panels.
to the blue lobe of the CO outflow moving into the molecular
cloud (Yamashita et al. 1989; Marti, Rodriguez & Reipurth 1993),
satisfies the general steepening law. This trend of spectral in-
dices is not observed in the southern condensations as HH81 has
a lower spectral index compared to HH80. The low spectral in-
dex of HH81 can plausibly be justified by the compactness of
this knot, as a result of which the particles are unable to dissi-
pate their energy. The compact morphology of HH81 has been
revealed using high-resolution imaging in optical wavebands by
Heathcote, Reipurth & Raga (1998), which is unlike HH80 that
displays intricate and elongated sub-structures.
4 DISCUSSION
4.1 Magnetic field estimates in the radio condensations
The non-thermal emission implied through the negative spectral in-
dices in the radio condensations is attributed to synchrotron emis-
sion from relativistic particles that are diffusion shock acceler-
ated in the magnetic field associated with the jet. The total syn-
chrotron emission furnishes the strength of the magnetic field while
the field uniformity and structure can be extracted from the de-
gree of polarisation of emission. The polarisation measurements by
Carrasco-Gonza´lez et al. (2010) have unveiled the magnetic field
that is parallel to the jet and extends upto 0.5 pc from the central
exciting source. Here, we estimate the magnetic field strength in
the individual radio condensations extending from S34 to HH80. In
order to estimate the magnetic field strength, we employ the classi-
c© RAS, MNRAS 000, 1–??
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Table 4. Spectral indices and other properties of the central region and the condensations.
Source Spectral Index Energy Power-law exponenta Bbeq u
c
part Spectral index
(αGMRT-2016) (δ) (µG) (10
−10 erg/cm−3) (αdVLA)
HH80 −0.63± 0.19 2.3 132 9 −0.3± 0.1
HH81 −0.26± 0.01 1.8 160 14 −0.3± 0.1
S13∗ −0.65± 0.17 2.3 152 12 −0.4± 0.2
18162–2048 +0.02± 0.01 - - - +0.2± 0.1
S15∗ −0.47± 0.06 1.9 116 7 −0.4± 0.1
HH80N −0.68± 0.04 2.4 180 17 −0.3± 0.1
S34∗ −0.9 2.8 174 16 −0.46± 0.02
∗Source nomenclature from Masque´ et al. (2012)
a Power law exponent of the assumed electron energy distribution:N(E)dE ∝ E−δdE
b Magnetic field obtained under assumption of equipartition that approximately corresponds to energy minimisation condition.
c Total energy density under minimisation condition.
d Spectral indices from high frequency VLA observations of Marti, Rodriguez & Reipurth (1993) and Masque´ et al. (2012).
cal assumption about the minimisation of the total energy content
of the synchrotron source. This approximately corresponds to the
equipartition of energy between the magnetic field and the relativis-
tic particles. This formalism is considered for the standard energy
distribution of electrons of the form: N(E)dE ∝ E−δdE where
N(E) represents the number of electrons having energy between
E and E + dE and δ = 1 − 2α, presumed to be homogeneous
across the condensation. For the region of synchrotron emission
delineated by an ellipse of size θx and θy, the magnetic field under
minimum energy condition (Beq) is given by the following expres-
sion (Miley 1980):(
Beq
gauss
)
= 5.69×10−5
[
1 +K
η(sinφ)3/2(α+ 1/2)
(
arcsec2
θxθy
)]2/7
×
[(
kpc
s
)(
Fo
Jy
)
(ν
α+1/2
2 − ν
α+1/2
1 )
ναo (α+ 1/2)
]2/7
(1)
Here,K is the ratio of energy of heavier ions (particularly relativis-
tic protons) to the energy of the relativistic electrons, η is the beam
filling factor, φ is the angle between the uniform magnetic field and
the line-of-sight, s is the path length through the source in the line-
of-sight, Fo is the radio flux density at frequency νo and α is the
radio spectral index between the cut-off frequencies ν1, and ν2. In
the above equation, the frequencies, νo, ν1 and ν2 are expressed in
GHz. For estimation of the magnetic field, we assume K ∼ 40
for Fermi accelerated electrons typical of astrophysical environ-
ments (Beck & Krause 2005), η ∼ 0.5 to account for clumpiness
within the condensations that is evident from the detailed structure
of HH80 and HH81 objects (Heathcote, Reipurth & Raga 1998),
and φ ∼ 34◦ (Masque´ et al. 2012). We consider the GMRT flux
densities at frequency of νo = 0.610 GHz (2016) while the cut-
off frequencies are taken as ν1 = 0.01 GHz and ν2 = 100 GHz.
For each condensation, s is estimated using θsrc whose values are
listed in Table 2. The spectral indices, magnetic fields and particle
energy densities (upart = B
2
eq/6pi) derived for the six condensa-
tions are listed in Table 4. We find that the magnetic field ranges
between 116 − 180 µG. The power-law exponent of the electron
energy distribution, δ, lies in the range 1.8 − 2.4 while the parti-
cle energy density has values between 1 − 1.7 × 10−9 erg/cm−3.
It is important to be cognizant of the fact that Eqn. (1) and, there-
fore, the estimates of the field and energy densities posses inherent
uncertainties. In particular, the uncertainties are related to the val-
ues of K, ν1 and ν2. The value of K is unknown and is expected
to lie between 1 and 2000. A value of 100 is considered appropri-
ate for electrons produced following collisions in a circumstellar
medium (Pacholczyk 1970) but Miley (1980) adopted a value of
K = 1 for minimum energy conditions. In this case, if we con-
sider K = 100, the magnetic field values are higher by ∼ 30%.
The upper and lower cut-off frequencies over which the relativistic
particles radiate, i.e ν1 and ν2, are also uncertain and the values
taken are those that are archetypal for astrophysical jets from liter-
ature (Miley 1980; Govoni & Feretti 2004). Due to the shape of the
power-law distribution of electron energy, the lower frequency cut-
off limit is significant. In addition, the estimate of magnetic field is
revised when one considers a cut-off in energy rather than a cut-off
in frequency of the emitted synchrotron spectrum. With an energy
cut-off, the exponent of the terms on the right hand side of Eqn.
(1) would be revised from 2/7 to 1/(3 + α) (Beck & Krause 2005).
Writing the energy of electron in terms of its Lorentz factor and
considering γmin ∼ 100, the change in the magnetic field estimate
is within 10%.
The equipartition magnetic field estimates obtained towards
the jet condensations are consistent with the value of 90 µG de-
termined towards the northern region by Kwon et al. (2016) us-
ing the Chandrasekhar-Fermi method that utilises the dispersion
of the measured near-infrared polarisation angle. It is also in con-
gruence with the estimate of 0.2 mG by Carrasco-Gonza´lez et al.
(2010) using the equipartition method. We would like to bring at-
tention to the fact that the equipartition magnetic field estimates
in the previous works have considered a radio spectral index value
of −0.3 which is shallower for condensations other than HH81.
Bosch-Ramon et al. (2010) consider the value of magnetic field to-
wards HH80 using models that constrain the observed emission, by
two populations of particles: (i) relativistic primary electrons, and
(ii) relativistic secondary electrons produced by inelastic proton-
proton collisions in the shock that also accelerates the protons.
They employ magnetic field values of 3 µG for primary electrons
and 2.5 mG for secondary electrons, under the assumptions listed
in Table 2 of their work.
4.2 High energy emission by relativistic electrons
In the region associated with IRAS 18162–2048, X-ray emission
has been detected from the Herbig-Haro objects HH80-81 as well
as from the vicinity of the central source (Pravdo, Tsuboi & Maeda
2004; Lo´pez-Santiago et al. 2013; Pravdo et al. 2009). This is ex-
plained on the basis of strong shocks occurring when the southern
extension of this bipolar outflow collides with the ambient material
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at high velocity. Towards HH80, Lo´pez-Santiago et al. (2013) ob-
served both: (i) soft X-ray sources (∼ 0.11 keV) attributed to ther-
mal emission, and (ii) a non-thermal hard X-ray source with flux
∼ 10−14erg cm−2 s−1 (between 0.4 and 10 keV). They associate
the thermal contribution to the hot post-shock region where the jet
slams into the dense ambient medium, whereas the hard compo-
nent is ascribed to the synchrotron radiation at the shock front. The
origin of the hard-component is, however, speculative. Assuming
this hard X-ray emission to be associated with HH-80, we are in-
terested in ascertaining the mechanism by which this radiation is
produced and to this end, we resort to the non-thermal emission in
radio wavebands.
We reconcile the fluxes in the radio and hard X-ray bands by
assuming that the same population of relativistic electrons that emit
in radio by synchrotron process is also responsible for the hard X-
ray emission. We consider various processes of emission by rela-
tivistic electrons at hard X-ray energies. In the first case, we as-
sume that the hard X-ray spectrum is an extension of the radio
synchrotron emission spectrum with the same spectral index. The
hard X-ray flux contribution between energies E1 and E2 due to
synchrotron emission with spectral index α from these relativistic
electrons can be expressed as
FX(E1−E2) =
FR
ναR
(E1+α2 − E
1+α
1 )
(1 + α)h1+α
(2)
Here FR is the observed radio flux at frequency νR, and h is
Planck’s constant. We have considered the 610 MHz flux density
of HH80 observed in 2016 for estimating the hard X-ray contribu-
tion and taken α to be -0.63 based on the observations. For energies
between E1 = 0.4 keV and E2 = 10 keV. We evaluate the hard
X-ray flux as 2.4 × 10−14erg cm−2 s−1. Although this estimate
is comparable to the observed hard X-ray flux, we note that the
observed flat hard tail (Lo´pez-Santiago et al. 2013) has an energy
spectral index of +0.2, which is inconsistent with the observed ra-
dio spectral index (−0.63 for HH80).
The second possibility that we consider is that the hard X-
ray flux is due to synchrotron self-Comptonization of the radio
photons by the same population of relativistic electrons. For this,
we first estimate the radio flux density by considering a popula-
tion of relativistic electrons with the energy distribution described
earlier [N(E)dE ∝ E−δdE] within a finite emitting region, ac-
celerated in a given magnetic field. We take the size of the emit-
ting region to be typically ∼ 0.1 pc (region over which the HH80
radio flux has been integrated), distance to the source ∼ 1.7 kpc
and find that the observed radio flux density (Table 2) can be ex-
plained by assuming a typical interstellar (ISM) magnetic field
B = 3 µG (Han et al. 2006) and a non-thermal electron density
ne = 5 × 10
−3cm−3. The low value of number density suggests
that the large radio emitting region considered (0.1 pc) is not uni-
form, but rather clumpy. This is anticipated, as the acceleration of
electrons to relativistic energies is expected near the shock head
and corroborated by the filamentary and clumpy morphology of
HH80 in Hα by Heathcote, Reipurth & Raga (1998). Hence, a vol-
ume filling factor f ∼ 10−3 is required to explain the observed
radio flux with typical ISM number density of ne = 10 cm
−3.
However, we note that the value of magnetic field in this case is
more than an order of magnitude lower than the equipartition value
(132 µG). Employing the equipartition value for an electron density
of ne = 10 cm
−3, the radio flux density is consistent with a smaller
emitting region of size ∼ 200 AU. Assuming the radio emission at
the synchrotron peak frequency (νR) from a relativistic electron,
the Lorentz factor of the relativistic electron is γe ∝
√
νR/B.
Taking typical values of νR = 1 GHz and B = 3 µG, the elec-
tron Lorentz factor is γe ∼ 9 × 10
3. We estimate the Compton
y-parameter for Thomson scattering (y ∝ γ2−δ) considering an
average size of emitting region as 0.1 pc, and a number density
10 cm−3 for HH80 complex. We find that y ∼ 10−8 and the cal-
culated X-ray flux due to synchrotron self-Comptonization in the
energy range: 0.4− 10 keV, is ∼ 10−21erg cm−2 s−1, that is sub-
stantially lower than the observed value. Hence, the effect of syn-
chrotron self-Comptonization is insignificant.
The third alternative for the origin of hard X-ray emission
could be the inverse-Compton scattering (IC) of the background
thermal infrared photons by the relativistic non-thermal electron
population. The IC contribution to the X-ray flux density can be
estimated using the following expression, that determines the in-
tegrated X-ray flux density, FX(E1−E2), between energies E1 and
E2 corresponding to a synchrotron flux density FR at the radio fre-
quency νR (Govoni & Feretti 2004):
(
FX(E1−E2)
erg s−1 cm−2
)
= g(α)
(
FR
Jy
)[
0.0545 ×
(
MHz
νR
)]α (
µG
B
)1−α
×
[(
E2
keV
)1+α
−
(
E1
keV
)1+α](
T
2.7K
)3−α
(3)
Here, α is the radio spectral index and g(α) represents the IC pa-
rameter that is a function of spectral index, whose values are listed
in Table 2 of (Govoni & Feretti 2004). T represents the tempera-
ture of the background photons that are inverse-Comptonized by
the relativistic particles. As earlier, E1 = 0.4 keV, E2 = 10 keV,
and B = 3 µG (required to match the radio flux as well). We
consider the background photon temperature T = 14 K for the
envelope of the molecular cloud (Masque´ et al. 2011). Using these
values, the IC contribution is found to be 5.9×10−14erg s−1 cm−2
for HH80 which is in close agreement with the observed hard
X-ray flux. However, we note that the hard X-ray flux is 1.0 ×
10−18erg s−1 cm−2 for the equipartition magnetic field, that is
nearly four orders of magnitude lower.
Thus, among the three models considered, the inverse-
Comptonization of the thermal background photons appears to ex-
plain the radio and X-ray flux measurements as well as the ob-
served spectral indices. As the magnetic field value employed in
this framework is far from the equipartition value, higher resolution
radio measurements of non-thermal emission are required in or-
der to rigorously ascertain the association of the hard X-ray source
with HH80. We note that Bosch-Ramon et al. (2010) argued that
the high energy X-ray may be due to emission from the secondary
particles accelerated across the shock head. However, for the sec-
ondary electrons case, these authors adopt a value of magnetic field
that is nearly three orders of magnitude higher (2.5 mG) than the
primary electrons (3 µG).
4.3 Variability in radio flux densities
Reports of radio variability from protostellar jets in litera-
ture have been sporadic and mostly related to the intrin-
sic variability of the central exciting sources of the jets
(Galva´n-Madrid, Avila & Rodrı´guez 2004; Rodrı´guez et al. 2012;
Reipurth et al. 2002). There have been instances where UV, opti-
cal and infrared variability in the emission from Herbig-Haro ob-
jects have been investigated (Brugel et al. 1985; Liseau et al. 1996;
Raga et al. 2016). Here, we speculate on the likely origin of the
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radio flux variability under the assumption that non-thermal pro-
cesses dominate the radio contribution and refrain from any quan-
titative analysis as we have solely two measurements at one fre-
quency, spread more than a decade apart. The variability is related
to (i) the ambient medium through which the condensations are
moving, and (ii) time evolution of the shock. If there is no signif-
icant change in the density, then we expect a reduction of radio
flux and steepening of spectral index due to cooling mechanisms
(including adiabatic expansion and radiative processes) leading to
a weakening in the particle acceleration mechanism. We observe a
decrease in the 610 MHz radio flux density (black circles in Fig-
ure 4) in all condensations (except HH80N and S13) when com-
pared to the previous measurements (triangles in Figure 4). For
S13, the uncertainty in the earlier estimate is significantly large
and for HH80N the change in flux density is marginal. A reduc-
tion in the ambient density with time as the condensation moves
through the medium could accelerate the relativistic electrons fur-
ther leading to a decrease in spectral index and increase in ra-
dio flux. Thus, the variability observed in the radio condensations,
along with their proper motions, can be used to probe the interstel-
lar medium through which the condensations advance. This high-
lights the importance of coeval or nearly simultaneous observations
to determine the spectral indices.
5 SUMMARY
Low-frequency radio observations between 325 and 1300 MHz of
the region associated with IRAS 18162–2048 reveal the presence
of the radio inner jet as well as condensations that include HH80-
81. The spectral indices of condensations are negative implying
dominant non-thermal mechanisms. The central region shows a
nearly flat spectral index that we interpret as a combination of ther-
mal emission from the central source and non-thermal contribu-
tion from the jet in the vicinity, as our resolution does not per-
mit us to segregate the two. The equipartition magnetic fields es-
timated using the radio flux densities at 610 MHz are between 116
and 180 µG. For HH80, where a source with hard X-ray emission
has been detected and spectral index suggests a non-thermal pro-
cess, we consider possibilities that could give rise to this emission
from the same population of relativistic electrons that emit in ra-
dio. We find that a typical magnetic field value of ∼ 3 µG for
a region of size 0.1 pc, an electron number density of 10 cm−3
with volume filling factor of 10−3, can simultaneously explain
the radio and hard X-ray fluxes towards HH80 by the process of
inverse-Comptonization of the thermal background infrared pho-
tons. As the magnetic field value is lower than the equipartition
value by more than an order of magnitude, the association of the
hard X-ray source to HH-80 necessitates further investigation. The
610 MHz flux densities, measured at two epochs separated by
nearly a decade, show variations in flux densities of the conden-
sations that can possibly be linked to the evolution of the knots as
well as to the ambient interstellar density.
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Figure 4. Spectral index plots of the condensations and the central region using flux densities at 325, 610 and 1300 MHz (filled circles) observed in 2016. The
triangle in each plot represents the corresponding 610 MHz flux density measured in 2005. The high frequency flux densities from earlier epochs are shown
using squares (Marti, Rodriguez & Reipurth 1993) and star-symbols (Masque´ et al. 2012).
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